ABSTRACT: Mixed halide perovskites are one of the promising candidates in developing solar cells and light-emitting diodes (LEDs), among other applications, because of their tunable optical properties. Nonetheless, photoinduced phase segregation, by formation of segregated Br-rich and I-rich domains, limits the overall applicability. We tracked the phase segregation with increasing crystalline size of CsPbBr 3−x I x and their photoluminescence under continuous-wave laser irradiation (405 nm, 10 mW cm −2 ) and observed the occurrence of the phase segregation from the threshold size of 46 ± 7 nm. These results have an outstanding agreement with the diffusion length (45.8 nm) calculated also experimentally from the emission lifetime and segregation rates. Furthermore, through Kelvin probe force microscopy, we confirmed the correlation between the phase segregation and the reversible halide ion migration among grain centers and boundaries. These results open a way to achieve segregation-free mixed halide perovskites and improve their performances in optoelectronic devices.
T he study of halide perovskite devices has been a hot topic during recent years, as indicated by the fast increase of the photoconversion efficiency in perovskite solar cells (PSCs) to values close to 23%. 1 Halide perovskites demonstrate a benign defect physics inducing low nonradiative recombination and notable optical properties, such as high absorption cross section, charge carrier diffusion length, low exciton dissociation energy, and so on. 2 These properties make halide perovskites promising materials not just for photovoltaic applications but also for other optoelectronic devices with enhanced properties, such as light-emitting diodes (LEDs), 3, 4 optical amplifiers, 5, 6 and lasers. 7, 8 One of the most interesting properties of the perovskite family of materials is their versatility. By the combination of cations (A and B) and halide anions (H) of the perovskite general formula ABH 3 , a broad range of materials with different properties and band gaps can be attained. 9 Thus, the band gap can be continuously tuned just by adjusting x in the general formula ABH 3−x H′ x where H and H′ are two different halides, commonly I and Br or Br and Cl. 10, 11 However, under photoirradiation or with an applied bias, mixed halide perovskites present a main limitation due to the segregation of the H 3−x H′ x phase into two phases, namely, Hrich and H′-rich phases, as was first reported by Hoke et al. 12 In the case of Br−I mixed halide perovskites, the phase segregation involves halide segregation to produce lower-band gap I-rich domains and higher-band gap Br-rich domains. 12−15 Previous works have demonstrated that the two reversible competitive process, phase segregation (in tens of second) and its recovery (in tens of minutes), can be tracked through spectroscopic tools such as absorption, transient absorption, and photoluminescence (PL). 14, 16 Halide segregation occurs through halide migration, and the segregated domains locate at the grain boundaries to release lattice strain. 14, 17 Furthermore, I-rich segregated domains act as recombination centers for photogenerated charge carriers irrespective of the carrier generation sites into other mixed or Br-rich domains. 16, 18 The later issue has been reported to impact negatively on the performance of mixed halide perovskite-based solar cells, which leads to trapping of the carriers and hinders the electron extraction in devices. 19 Hence, photovoltaic parameters such as open-circuit voltage and photoconversion efficiency are seriously affected. 18, 19 This fact limits the optimization of the perovskite band gap facing the development of tandem devices 15, 20 that require the high band gaps attainable by the mixed halide perovskites 21 and the development of a wide range of colors, potentially reachable by perovskite LEDs, for applications in on-demand illumination or in white LEDS with different color temperature, to cite just a couple of examples that require an optimum control of the emitted light color.
To minimize the photoinduced halide segregation effect in mixed halide perovskites and to increase their applicability in optoelectronics, some possibilities have been investigated. 22 Alloying cations into the perovskite matrix (e.g., such as methylammonium (MA), cesium, and/or formamidinium (FA)) reduces or minimizes the time-dependent absorption/ emission change under photoirradiation by increasing entropic contributions. 23−25 In addition, various efforts were made to stop or minimize the phase segregation as follows: (i) increasing the crystalline size and the microstrain by combining Pb 2+ with Sn 2+ cations into perovskite matrix; 26 (ii) growing the perovskite grains on nonwetting polybis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) to improve the crystallinity and grain size to retard the segregation; 27 and (iii) inducing surface passivation of perovskites with K + cations to minimize the site at grain boundaries where the phase segregation occurs. 28 Despite these interesting options, a further understanding of the phase segregation process providing clear strategies in obtaining phase segregation-free perovskite films in all mixed halide compositions is still necessary. Recent theoretical results highlight the interplay between induced phase segregation and crystalline size. 17, 29 Bischak et al. demonstrated that large electron−phonon coupling induces phase segregation by releasing the lattice strain and that the generated polarons move to segregated domain with larger mobility, so the segregated domains are stabilized before the domains recover to the initial mixed perovskite state. 17 Draguta et al. reported a correlation between the carrier diffusion length (L) and the rate of segregation (K) as
where K sat and ρ are the saturated segregation rate and the photogenerated carrier density, respectively. Equation 1 implies that lowering the carrier diffusion length will tend to decrease the rate of segregation, and thus the segregation rate could be similar to the recovery rate for being at the initial mixed halide perovskite state. 29 Draguta et al. 29 developed through density functional theory (DFT) calculation a diffusion length-dependent phase diagram differentiating between the segregation region and segregation-free region. This implies that there is a segregation-free region for mixed halide perovskites constituted by nanoparticles of certain crystalline size below a threshold. They also experimentally supported the segregation-free region by showing for the first time stable emission from CsPbBr 1.5 I 1.5 NPs. However, the occurrence of phase segregation dependent on crystalline size at a certain threshold has not been experimentally determined.
To find the threshold size for segregation-free perovskites, and consequently develop devices with real band gap tunability, we have studied, by employing different characterization techniques, the size-dependent phase segregation process, and we have found the borderline to induce the phase segregation. To perform the experiment, we synthesized nanocrystalline-sized CsPbX 3 nanoparticles (NPs), following the procedure developed by Kovalenko and co-workers, 30, 31 and formed bulk films through annealing the CsPbX 3 deposited NP thin films (termed nanoparticle film).
32
Inorganic CsPbX 3 NPs exhibit higher stability than the previously developed hybrid organic−inorganic perovskite NPs. Kovalenko and co-workers demonstrated that by using CsPbX 3 NPs it is possible to tune their band gaps by varying the halide composition in order to control the valence band maximum. 30, 31 Through halide composition variation, the band gap has been modulated in the entire visible region. Hoffman et al. reported that, after an annealing process, CsPbBr 3 NPs make bulk crystalline domains larger than 100 nm through agglomeration and by absorbing smaller NPs in a process analogous to Ostwald ripening. 32 In this Letter, by linking the morphology, crystallinity, and photophysical properties of CsPbBr 3−x I x , we have demonstrated the gradual transition from the range of crystalline sizes that, after irradiation, is free from phase segregation to values of the crystalline size in which, after irradiation, a phase segregation is generated. These results open new possibilities to control the photoinduced phase segregation process of CsPbBr 3−x I x perovskite films for enhanced stability and performance in optoelectronic devices.
Morphological and Photophysical Properties of CsPbBr 3−x I x Nanoparticles. Hot-injection synthesis of perovskite NPs 30, 31 has been used to prepare stable colloidal high-luminescent materials. For our study, we synthesized five different type of colloidal CsPbBr 3−x I x NPs in hexane, varying the Br/Br+I ratio in the semiconductor as seen in Figure S1 . The color change from green (high Br-content) to red (high I-content) in the nanoparticles shows clearly that their optical properties can be tuned by halide modification. 30 Figure S2 displays TEM measurements for five different types of CsPbBr 3−x I x perovskite nanoparticles (x = 3, 2.67, 1.44, 0.63, and 0). In all cases, nanometer-sized (11.8−14.3 nm) cubic nanoparticle cores were obtained. In Table S1 , the chemical composition of perovskite NPs (in atom %) was estimated from EDX analysis. The Br/(Br+I) ratio was decreased by increasing the amount of iodine without any modification of Pb and Cs nominal content, just to maintain a stoichiometric CsPbX 3 -type structure. The nominal halide composition, based on the ratio of I and Br precursors used in the synthesis, is in excellent agreement with those achieved from EDX measurements, corroborating the incorporation of the halide content into the perovskite samples. The composition was double checked considering the XRD pattern (see Table S1 ). 33 To obtain information about the quality and the halide composition-dependent photophysical features of the CsPbBr 3−x I x NPs, a spectroscopic tracking was performed. Figure S3A shows the evolution of the optical absorption for the perovskite nanoparticles, where a red-shift in the absorption offset was achieved by increasing the iodine content. This trend was also observed for the emission feature for each composition ( Figure S3B ), which was associated with the band gap narrowing into the semiconductor. Furthermore, the emission spectra depict a symmetric peak for each CsPbBr 3−x I x composition with a 30 ± 5 nm full width at half-maximum (FWHM), being a main characteristic of monodisperse solid solutions. 31 The band edge and emission peak position were estimated from absorption and emission measurements, respectively; they are summarized in Table S2 . As can be seen, only small differences between these values were evidenced, achieving a high agreement in the optical absorption and emission features of the samples. On the other hand, after calculation of the band gap from the emission peak position for each composition of perovskite, the band gap narrowing was clearly evidenced as a function of the halide composition ( Figure S3C ). Thus, the CsPbBr 3−x I x NPs cover the visible spectral region of 1.8−2.4 eV, commonly reported for mixed halide perovskites. 12, 15 Lastly, after measurement of the photoluminescence emission quantum yield (PLQY) of the samples ( Figure S3D ), a range between 20 and 85% was reached, indicating highly emissive perovskite nanocrystals (see Table S2 ).
Morphological, Crystallinity, and Photophysical Features of CsPbBr 3−x I x Nanoparticles and Bulk Films. As described above, a main issue in mixed halide perovskites is the presence of photoinduced phase segregation negatively affecting the photovoltaic parameters in optoelectronic devices. 18 The segregation effect has appeared in methylammonium, 12, 14, 16 formamidinium, 12 and cesium mixed halide perovskite films, 13, 29 forming iodine-rich and bromine-rich domains, which have been spectroscopically tracked. Nonetheless, the current efforts have focused on the study of film properties to investigate the phase segregation (morphological and chemical composition points of view). 34, 35 The preparation of CsPbBr 3−x I x NP films and their transformation to bulk films under annealing process can give valuable evidence about the threshold size for the occurrence of the photoinduced phase segregation. As a first step in this study, NP films were prepared by drop-casting five different CsPbBr 3−x I x NP solutions on glass slides. Then, bulk films were achieved by annealing the NP films at 225°C for 180 s. Similar to NP solutions ( Figure S1 ), a red-shift of the PL feature is presented ( Figure S4 ) as a function of the iodine content in perovskites. However, PL is significantly reduced after annealing because of the NP agglomeration and formation of bulk film with lower PLQY. We can conclude that nonradiative recombination centers are created, reducing the PL intensity in the bulk films. Lower values of PLQY in bulk films (<1%) were also observed elsewhere. 36 Furthermore, it is worth noting that the cubic phase of iodine-rich perovskites (x = 2.67 and 3) NPs with dark red color was preserved on nanoparticle films. In contrast, after annealing, yellow colored bulk film were observed because of the change of the crystalline phase from cubic to orthorhombic phase in CsPbI 3 -based perovskites, which is thermodynamically preferred in the bulk at room temperature. 37, 38 The variation of halide composition and effects of NP-tobulk film transition were observed to influence the photophysical properties of the CsPbBr 3−x I x perovskites. Here, the normalized emission features of the CsPbBr 3−x I x NPs and bulk films were monitored before and after 10 min of photoirradiation and plotted in Figure 1 (whole time-dependent non-normalized emission spectra are in Figure S5 ). Before photoirradiation, the emission peak position for all perovskite nanoparticles was red-shifted as a function of the iodine content ( Figure 1A ). After 10 min under photoirradiation, the peak position was stable ( Figure 1C ) with a decrease in the PL intensity and a slight blue-shift of around 4 nm (see Figure  S5 ). This effect could be caused by some exposure of the nanoparticle surface to the environment, inducing some perovskite oxidation. 29 The latter was confirmed through the emission features of CsPbBr 3−x I x embedded PMMA films ( Figure S6 ), deducing that the ligand-exchange process for depositing NP layers does not affect the NP stability. The stable PL from CsPbBr 1.5 I 1.5 NPs against phase segregation was reported earlier. 29 We checked that the stable PL against phase segregation can be obtained with various Br/I halide compositions. Therefore, nanometer-sized (11−14.3 nm) CsPbX 3 NPs with various Br/I+Br composition maintained the PL peak position, which means that NP films are free from the phase segregation of mixed halide perovskites.
Conversely, under the same irradiation time, the initial emission peak for CsPbBr 3−x I x bulk films was bleached, and a continuous red-shift with an increase of PL intensity was achieved ( Figures 1B and S5D,F,H) . Note that the red shift of initial emissions from nanoparticle to bulk film is due to formation of conduction/valence bands through agglomeration of NPs, so that the decreased band gap reflected red-shifted emission. According to previous work, the evolution of PL toward longer wavelengths ( Figure 1D ) indicates the presence of phase segregation in the mixed halide preovskite domains, forming segregated Br-rich and I-rich domains and then transferring free carriers to the I-rich domains.
12,14,16 Similar irradiation time-dependent emission change was observed in conventional one-step solution processes to form a bulk CsPbX 3 film from precursor solution through annealing. 15 When the Br-rich and I-rich domains are produced, the rise of two emission peaks at low-and high-energy regions is expected. 12,15−17 To track the occurrence of phase segregation, absorption measurements were also carried out after irradiation at 10 mW cm −2 for 10 min. As can be seen, the absorption peak of CsPbBr 3−x I x nanoparticle films rested unchanged after recovering in dark conditions ( Figure S7A,C) . There was no change of absorption features with respect to the absorption in nonirradiated perovskite nanoparticles ( Figure S7C ). In contrast, in the case of the bulk films ( Figure S7B,D) , an increment of the absorption at lower and higher wavelengths appeared, corresponding to the Br-rich and I-rich phases. 16 The halide segregated feature of the mixed halide perovskites was more evident after measuring the dark recovery after 45 min ( Figure S7D ). According to Kamat and co-workers, 16 the absence of the Br-rich phase in the emission feature can be attributed to a rapid transport and recombination of photogenerated charge carriers into the I-rich phase, which is energetically favorable to appear under phase segregation.
Interestingly, three different emission peaks were formed for the CsPbBr 3−x I x bulk film (x = 0.63) around 512, 593, and 662 nm, after the initial peak around 544 nm was bleached (see Figure 1B) . The peak at the high-energy region is ascribed to the Br-rich phase, while a doublet at low-energy region corresponds to the I-rich phase. By considering that (i) the NP agglomeration is not a uniform process on the film surface after annealing and (ii) the iodide migration to positive grain boundaries formed during the agglomeration has been reported to occur under phase segregation, 13, 34 we suggest that at least two different kinds of I-rich phases (different amount of iodide in the segregated domains) were created during the NP-to-bulk transformation.
To observe more in depth the effect of the halide composition and annealing process on the crystallinity of the as-prepared samples, XRD analyses were also performed. Figure S8 shows the XRD patterns of the CsPbBr 3−x I x NP films deposited on glass with ( Figure S8B ) or without ( Figure S8A ) the annealing process. For all materials, two main peaks were achieved at low and high Bragg angles, associated with the characteristic 100 and 200 planes of the perovskite lattice, respectively. 39 These planes indicate the presence of the cubic phase in the NP film, which is expected at synthesis temperatures between 100 and 200°C. 30, 40 Furthermore, a red-shift in the Bragg angle was evidenced as a function of the Br content into CsPbBr 3−x I x perovskites ( Figure S8 ). This is ascribed to the lattice contraction of the semiconductor by the presence of the smaller ionic radius of bromide (in comparison with iodide). 31 Under the annealing process at 225°C ( Figure  S8C ), the XRD peaks for Br-rich CsPbBr 3−x I x perovskites (x = 0, 0.63, and 1.44) became thinner than the initial NPs ( Figure  S8D ), which is an indication of the NP agglomeration and grain growth. Five new peaks appeared in the XRD patterns of the high I-rich samples (x = 2.67 and 3), and a decrease in the intensity of the cubic phase signals was achieved, attributed to the α-perovskite phase transformation into the δ-orthorhombic phase. 37 This is supported by the color change from dark brown to light yellow described above for the I-rich perovskites (see Figure S4 This clearly agrees with the XRD patterns of annealed films, which corroborates the NP agglomeration to produce larger crystalline grains (see Figure S11) .
Ef fect of Size on the Phase Segregation of CsPbBr 3−x I x Films. Considering the fact that the annealing process induces phase segregation in mixed halide perovskites during their NP-tobulk transformation (in accord with emission measurements explained above), PL profiles of CsPbBr 3−x I x nanoparticle films (x = 0.63) with different sizes were tracked by varying the annealing time (0, 5, 10, 30, 60, and 180 s). As is shown in Figure 2A , increasing the annealing time "turns off" the PL of the films, which can be associated with the agglomeration of NPs. By using TEM ( Figure S2C ,D) and SEM images ( Figure  S12A−N) , we determined that the crystalline size was 11.8 ± 1.1 nm for CsPbBr 3−x I x NP films ( Figure 2B ), generating bigger grains of 301 ± 126 nm size after 180 s of annealing ( Figure 2C ). In this sense, we were able to observe the sequential change in the crystallinity of the CsPbBr 3−x I x films as a direct response of the NP-to-bulk transition. Also, Figure  2D displays the evolution of the grain size as a function of the annealing time. This demonstrates that big grains are formed in the bulk films through NP agglomeration ( Figure S12) . The large grains are generated with the increase of annealing time through material migration from smaller to larger NPs, which is more energetically favorable in the presence of larger particles than those smaller ones, as reported earlier. 32 In Figure 2E , we present additional IR measurement results for every film preparation stage in order to track the presence of the QDs organic capping ligands. Independent of the preparation stage, peaks from the capping ligands were found, i.e., peaks at 2920, 2850, 1641, and 1465 cm −1 represent −CH 2 asymmetric stretch, −CH 2 symmetric stretch, C=C, and −CH 3 stretch, respectively. The signal from the ligands presents the highest decrease after the ligand exchange process and a low decrease with the annealing time ( Figure 2E ), indicating the presence of ligands even after annealing. Hoffman et al. also reported the presence of a ligand on grains after formation of bulk film through the annealing process. 32 Figure S10 shows the XRD patterns of the perovskite NP films annealed at 225°C with varying grain size. Here, the (100) and (200) planes were achieved for all the samples, establishing the cubic phase as the crystalline structure. 39 As also shown in Figure S11A , the decrease of the FWHM of the peaks corresponding to the (100) plane indicates an increasing crystalline size as a function of the annealing process. It also supports the conclusions that the NP agglomeration forming the bulk film occurred during the annealing process.
On the other hand, to understand the correlation between nanoparticle size and the phase segregation, in Figure 3 we present the photophysical features of CsPbBr 3−x I x films (x = 0.63) as a function of the crystalline size, as already shown in Figure 2 . The emission spectra of the as-prepared CsPbBr 3−x I x bulk films before and after photoirradiation are shown. Details of the time-dependent non-normalized emission spectra with the different sizes are presented in Figure S13 . As shown in Figure 3A , the segregation effect was not present in the CsPbBr 3−x I x NP films with the crystalline sizes up to 120 ± 3 nm. However, as shown in Figure 3B , after 20 min of irradiation, slow occurrence of the phase segregation emerged when the size of the CsPbBr 3−x I x films reached 46 nm. Through pseudo-first-order kinetic analysis by monitoring emission evolution from the segregated I-rich domain, we were able to obtain a constant rate of K = 1.53 × 10 −3 s −1 in the case of 46 ± 7 nm grain size ( Figure S15B ). In contrast, in the case of a larger size (301 ± 126 nm), the constant rate was K sat = 4.54 × 10 −3 s −1 ( Figure S15C ). In Figure 3C , we can see a different trend with respect to Figure 3A . The emission from larger grains (122 ± 27 nm or larger) changes with photoirradiation. Note that the agglomeration process was not homogeneous in the entire bulk film surface, and therefore, we suggest that at least two different grain boundary contents could be formed in the bulk crystals to produce two diverse Irich phases. In Figure S14 , absorption spectra after photoirradiation also support the occurrence of phase segregation from the perovskite with the crystalline size greater than 46 ± 7 nm by observing the recovery of optical properties. Furthermore, if the grain size would be greater than 122 nm, the emission evolution from the segregated I-rich domain seems to be similar ( Figure S13D−F) . Similar emission evolutions shown in Figure S13D −F demonstrate that there is a saturation of segregation rate. We can suggest that if the grain size would be equal or larger than 46 ± 7 nm, the grain size may exceed the diffusion length. This means that the electron/hole mobility would not be confined in the grain and the charge would diffuse with its own diffusion length. The electron/hole mobility could be confined into the grain around 46 ± 7 nm, the grain size being similar to the charge diffusion length. To support the comparability between the grain size and charge diffusion length (L), we calculated the diffusion length by following eq 1 and obtained the diffusion length as 45.8 nm (see details in Supplementary Note in the Supporting Information). Thus, the observed grain size for transition between the segregation-free zone and phase segregation behavior has an outstanding agreement with the diffusion length calculated from eq 1 and experimentally determined average lifetime for PL, K, and K sat . 29 On the other hand, note that the phase segregation happens when the grain size reached the size 46 ± 7 nm, and the capping ligands play a minor role. As shown in Figure 2E , IR spectra at each preparation stage, we found the gradual decrement of the ligand, but still the ligand was present after the bulk film preparation. We could observe the presence of the ligand in any case with and without the phase segregation, but segregation is induced only after forming bulk films, when the grain size becomes 46 ± 7 nm or larger, highlighting the major role of crystal size in this process. This minor role of the ligand in comparison with the crystal size has been also verified by carrying out this analysis in samples without ligand exchange, observing phase segregation after annealing despite the higher amount of capping ligands (see Figure S16) . KPFM Characterization. To gain a deeper understanding about the assumption of the halide ion segregation in the bulk film, after-annealing Kevin probe force microscopy (KPFM) images ( Figure 4) were achieved for the CsPbBr 3−x I x bulk films (x = 0.63) annealed with 120 ± 27 nm grain size, in the absence and presence of photoirradiation. Under dark conditions ( Figure 4A ), the contact point potential (CPP) was homogeneous on the bulk film, either at grain boundary (GB) or grain center (GC). Herein, we will use the term GB as an intergrain grain boundary, where different grains meet each other, and GC is the position in the grain far from the GB. Under 5 min ( Figure S17A ) and 10 min of photoirradiation ( Figure 4B) , the CPP at the GC was increased in comparison with the CPP at GB (Figures 4F and S17B ). After the photoirradiation was turned off, the CPP of the bulk film was relaxed back ( Figure 4C ). Under photoirradiation, differences of the CPP between the GC and the GB were associated with charge compensation due to the anion movement. To date, it has been reported that photoirradiation induces ion migration. 41 Among the ions, mostly halide ions as bromide (0.17− 0.25 eV) and iodide (0.23−0.43 eV) have lower activation energy to promote migration as compared to other ions into the perovskite. 33 A cross-sectional profile was achieved from the topography image of CsPbBr 3−x I x grains, where the contact point potential was monitored as a function of the position labeled by a dashed line on the film surface ( Figure 4D,E) . At about 450 nm, a potential drop was achieved, typical from the CPP at GB. 34 At 250 nm of labeled distance (CPP at GC), compared to CCP at GB, a progressive increase of the potential was observed under photoirradiation. This trend can be better evidenced from the potential difference for the bulk film under dark/photoirradiation/recovery conditions. As shown in Figures 4F and S17B , the CPP at GB did not change as significantly as did CPP at GC, considering that the overall potential change occurred in the GC. By subtracting the CPP of GC and GB (denominated as CPP GC and CPP GB , respectively), GC exhibited the highest CPP under photoirradiation. Considering the local observation of bulk crystals performed by other authors, a higher CPP in GC is an indication of a halide deficiency in this region due to the halide migration to the GB. This means that GB is a halide-enriched region, which triggers the phase segregation, while the halidedeficient GC retards the phase segregation. 14, 34 In the case of CsPbBr 3 bulk film (see Figure S18 ), Br migration is also expected under illumination conditions. In fact, a change, ΔCPP, between GC and GB is detected when comparing the dark and light conditions (see Figure S19 ), indicating this illumination triggered migration effect. However, for CsPbBr 3 , ΔCPP decreases when samples under dark conditions are illuminated (see Figure S19 ), opposite what is observed in mixed halide samples (see Figure 4F ). It has been reported that anion photosegregation is mediated by vacancies, 42 as ion migration in single halide perovskites. 43 In single halide perovskite, ΔCPP varies and decreases from dark to light because of the ion vacancies' migration. However, an opposite trend is observed in mixed halide, where these vacancies are used as roads for the photoinduced migration 42 of one of the halides, consequently producing the phase segregation and the observation of a different trend in the ΔCPP by a different direction in the ion migration. Hence, it can be noted that the halide segregation is directly correlated with the ion migration, and it is dependent on the topography of the bulk film.
Light-Emitting Properties of Phase-Segregation-Free CsPbBr 3−x I x Nanoparticle Films. After observing that CsPbBr 3−x I x NP films are free from halide segregation effects by tracking their photophysical properties, the materials were used in making LEDs. Here, the electroluminescence (EL) feature of the CsPbBr 3−x I x nanoparticle film-based device (x = 0.63) was studied ( Figure 5 ). Application of an electrical field (9 V, Figure S21 ) induced a shift of EL peak with respect to the PL due to the Stark effect 44 (see Figure 5A ). Significantly, no shift of the EL peak position at 523 nm was observed at the working conditions of the device (Figure 5B ), without any additional emission signals elsewhere. This fact indicates that perovskite NPs can produce segregation-free mixed halide devices with no shift of the emitted light wavelength. The latter can be also seen in Figure S20 , where the green EL from the device was retained for 120 s without any color change. By contrast, we could observe the opposite trend at the annealed bulk film-based device ( Figure 5C ) where a progressive red shift in the emission wavelength was observed during the continuous work conditions under applied bias (9 V). The emission appeared at a wavelength of 623 nm after 60 s. The initial emission peak position at 0 s was beyond the detection limit, deducing a low EL of the halide-segregated LED device. Furthermore, the emission peak position shifted to 633 nm after 120 s (see Figure 5C ). Beyond the achieved red shift, the emission at 623 nm and continuous shift to 633 nm demonstrated the evolution of the I-rich segregated domain and enriching iodine composition in the segregated domain. The injected free carriers were trapped in the segregated I-rich domain, promoting radiative recombination as electroluminescence. Therefore, the two different electroluminescence values from nanoparticles to bulk film also demonstrated the segregation-free and stable emission from the nanoparticles.
Mechanism of Nanoparticle-to-Bulk Transformation under Annealing Process. According to the morphology, crystallinity, and photophysical features of the mixed halide perovskites described above, the relation between nanoparticle agglomeration and phase segregation is shown in Scheme 1. Under 
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Letter heating, in the early stage, the majority of ligands are burned out and CsPbBr 3−x I x NPs start to promote the growth of bigger grains with a nanocube-shaped morphology. The agglomerated large-sized grain nanocubes are produced, and the large nanocubes facilitate the halide segregation along GBs under photoirradiation. The agglomeration occurred with material migration from smaller NPs to larger NPs, where the formation of big particles is thermodynamically favored over the smaller ones. 32 The phase segregation is intensified, as is evident in the generation of Br-rich and I-rich domains monitored by emission and the decrease of the green-color PL features in the annealed samples. In this context, mixed halide perovskite films with crystalline sizes less than 46 ± 7 nm show high phase stability. Consequently, the preparation of phasesegregation-free mixed halide perovskites by acting on the maximum allowed grain size will help to improve the performance of optoelectronic devices built by using these perovskites.
In summary, to accurately determine the conditions in which a deleterious photoinduced phase segregation appears in mixed halide perovskite films, we have tracked the NP-to-bulk transition induced by annealing. No phase segregation was observed in nanoparticle films at any halide composition. According to the morphology, crystallinity, and photophysical properties of the CsPbBr 3−x I x perovskites, we found that halide segregation effect appears in nanocube grains formed during the agglomeration, with a threshold size around 46 ± 7 nm, in a process where organic capping ligands play a minor role. This measured grain size from SEM images has an outstanding agreement with the diffusion length calculated from eq 1 and the experimentally determined average lifetime (45.8 nm) for PL, K, and K sat , confirming the size threshold by two completely different sets of experimental measurements. The crystalline growth and nanoparticle capping removal generates grain boundaries, facilitating the formation and accumulation of segregated domains under photoirradiation; nevertheless, the process is counterbalanced with the confinement of carrier diffusion into the grains. Thus, for films constituted by grains with dimensions less than the diffusion length, a stabilized behavior is attained. A crystalline size lower than the later value allows the preparation of phase-segregation-free CsPbBr 3−x I x films by using nanoparticle solutions with different halide composition or variable synthesis conditions. This insight opens the possibility of preparing mixed halide perovskitebased materials with phase stability to improve the performances of optoelectronic devices.
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